ABSTRACT
INTRODUCTION
The suction foundation is a large diameter cylinder, which is open ended at the bottom and closed at the top. Suction foundations are so called because they are installed by pumping water out of the cylinder in order to generate a lower pressure or "suction" in its interior than that outside the cylinder after having settled under its self-weight. The difference between the hydrostatic water pressure outside the cylinder and the reduced water pressure inside creates a differential pressure that acts as an additional penetration force. Once installed, the foundation acts like a short rigid pile and is capable of resisting both lateral and axial loads [1] . With the advantages of easy installation, short installation time, high degree of reliability and low cost, suction foundations have been used extensively in offshore facilities, such as foundations of jacket structures, current and wind turbines, subsea systems seabed protection structures and as anchors for floating production storage and offloading (FPSO) units, tension leg platforms (TLP), and SPAR platforms [2] .
Suction foundations have a larger diameter and longer side wall compared to traditional pile foundations and shallow foundations. After installation, the interior is sealed off and the pullout loading creates a passive suction, which mobilizes the end bearing resistance of the soil at the skirt tip. Considering passive suction, it is assumed that the suction foundation has the same bearing capacity in uplift and compression. Currently the ultimate uplift capacity of a suction foundation is calculated by side friction and the reverse bearing capacity: where q ult is the ultimate bearing stress on the foundation. α is the adhesion factor, usually taken as 0.5 to 1.0. L is the embedment depth and D is the foundation diameter. N c is the bearing capacity factor of the circle footing and varies with the embedment ratio. The value of the surface of the foundation resting on cohesive and frictionless soil is 6.05 [3] . s u,tip is the undrained shear strength of the soil at the foundation tip level, s u,av is the average undrained shear strength over the penetration depth. q plug is the self-weight of soil plug and q 0 is the surcharge at the foundation base level.
There are many studies referring to the bearing capacity factor in compression and its relationship to the shear strength [4, 5] . Hu et al. investigated the bearing response of skirted foundations on uniform and nonhomogeneous soil using a displacement finite element analysis approach, in which the embedment ratio of the skirted foundation varied from 0 to 0.5 [4] . Houlsby and Martin considered a conical footing embedded in clay using the stress field method [5] . A finite element limit analysis method was employed by Salgado et al. to investigate the upper-and lower-bound solutions of circular foundations embedded in clay [6] . Edwards et al. investigated the bearing capacity factor of embedded foundations using a displacement finite element analysis approach with the embedment ratio of the foundation varying from 0 to 4 [7] . Generally, a suction foundation needs a large displacement in compression to achieve ultimate capacity [4] . Hu et al. reported that the penetration displacement of a deeply embedded foundation may be at least 4D to reach a limit load. However, a large displacement is not necessary to achieve ultimate pull-out capacity in an uplift loading case. Furthermore, the difference in displacement magnitude between compression and tension cases may have a great effect on bearing capacity factors. Finn and Byne proposed a reverse bearing mechanism under uplift in undrained conditions, and recommended that the reverse capacity factor for the uplift loading case is taken as the same value as the compression case [8] . There are a number of centrifuge tests for investigating the difference of skirted foundations (L/D≤1) under the condition of compression and uplift. Watson et al. and Mana et al. reported the same magnitudes of undrained uplift capacity and compression capacity, while Acosta-Martinez et al. observed 30% reduction in uplift capacity compared to compression capacity [9] [10] [11] . The magnitude of passive suction is the key factor to mobilize the reverse capacity. However, the magnitudes of loading rate and preload are the uncertain factors to affect the mobilized uplift capacity. Chatterjee et al. investigated the undrained compression and uplift capacity using large-deformation numerical methods and concluded that the two cases have the same bearing capacity [12] . However, both the centrifuge tests and numerical modeling were aimed at the smaller embedment radio, the bearing factor increased with the embedment ratio and the larger displacement is needed to mobilize the capacity for longer foundation. Therefore, a range of embedment ratios were investigated to establish the bearing factors and displacement magnitudes in the cases of undrained compression and uplift.
The objective of this paper is to investigate the difference in the bearing capacity factors of suction foundations in cases of both compression and tension. These factors include the embedment depth, the degree of nonhomogeneity, and the foundation displacement. The results will be useful for the design of suction foundations and have potential applications in offshore marine engineering.
NUMERICAL MODELLING
This study focuses on the comparison of the bearing factors in the cases of undrained compression and uplift. In the numerical modeling, the suction foundations were simplified as solid foundations and the reasons are listed as followed: (1) both the failure faces of suction foundations in undrained compression and uplift cases are under the base of foundation, this is similar with solid foundation;(2) the bearing capacity factor is calculated based on the undrained shear capacity of soil below the foundation; (3) both the soil and foundation were set weightless to make the effects of soil plug and surcharge vanished. Small-strain analysis of embedded suction caisson foundations was conducted using the FLAC3D software. In order to be consistent with existing design methods and to compare with the results from other studies, the soil was modelled as a linear elastic-perfectly plastic model based on the Tresca failure criterion.
HOMOGENEOUS CLAY
A constant undrained shear strength, s u , equal to 5 kPa and a Young's modulus, E u , of 400×s u , were assigned to the soil. A Poisson's ratio of 0.495 was applied to simulate the constant volume response of clay under undrained conditions. The suction caisson foundation had a Young's modulus of E=E u ×106, and was considered to be rigid. The interfaces in the foundation base and side were assumed to be rough and smooth respectively. The rough case was to restrain the horizontal movement of nodes. In the uplift case, any detachment between the foundation base and soil was prevented.
Loading was applied using the displacement-controlled method as it is more suitable than the stress-controlled method to obtain the failure load. All analysis was conducted by applying uniform vertical displacements and zero horizontal displacements to the nodes of the foundation until the failure state was reached. The ultimate load on the footing was then calculated as the sum of the vertical reaction forces on the nodes. This load is equal to the net bearing force, whose value is equivalent to N c s u A. The effect of side friction and surcharge were not included in the load, since the side interface was assumed to be smooth and the soil was weightless. The calculated area A should contain half the zone width adjacent to the footing edge (since forces are exerted on the footing by this zone, it is assumed that the forces are divided equally between the left and right grid points). Fig. 1 shows a typical mesh used in the present study.
Owing to the symmetry in geometry and loading conditions, only half of the domain was discretised. L is the embedded length and D is the diameter of the foundation. The L/D ratio had the values of 0 (surface foundation), 0.5, 1, 2, 3, and 4. Displacements at the lower boundary were fully fixed in the x, y, and z directions. Normal displacements at the lateral boundaries were constrained. The size of the soil elements increased gradually from the foundation to the domain boundary. The length from the foundation to the domain boundary was set at 5.5D (including 1D finer areas under foundation) to minimize the boundary effects. Initially, in order to establish the accuracy of the finite difference analysis, the grid was adjusted to obtain a suitable bearing capacity factor by comparing with the known solutions. A factor N c of 6.10 was obtained for the suction foundation, which is 0.8% in error compared with the solution obtained by Eason and Shield (1960) with a factor of 6.05.
NONHOMOGENEOUS CLAY
In a normally consolidated or a lightly overconsolidated marine clay, suction caissons need to penetrate deeper due to the soft clay in the shallow seabed being unable to provide sufficient strength. This is because for marine sediment, the shear strength increases with depth. The undrained shear strength, su may be idealised as approximately linearly with depth, which can be expressed as
where s um is the soil strength at the seabed (mud line); k is the strength gradient; and z is the soil depth (see Fig. 2 ). The dimensionless ratio kD/s um is taken to quantify the degree of strength nonhomogeneity beneath the foundation. The value of k is typically found in the range of 0.6-3.0 kPa/m for clay materials [13] . Typically, the foundations have diameters (or widths), D, ranging from 3 to 10 m (but may be much larger for skirted foundations of gravity platforms), and the embedment ratio is not more than 6. Five values of the dimensionless ratio, kD/s um = 1, 2, 3, 4, 5; and the embedment ratio varying from 0 to 4 were examined in the studies described below. (Hu et al. 1999 ) was obtained when the foundation displacement was equal to 0.3D, and the displacement magnitude cannot reach the limit load for L/D>1. However, it is possible to achieve limit load at 0.3D displacement for L/ D≤1. Therefore, the results from Hu et al. (1999) are similar to other finite element and finite difference analyses for L/D≤1. Fig. 4 presents the normalised vertical load-displacement curves in compression and tension. In the compression case, the ultimate bearing capacity was mobilised at different displacement magnitudes with various embedment ratios. The limit displacements 0.05D, 0.3D, 0.5D, 2D, 3D, and 3D correspond to embedment ratios of 0, 0.5, 1, 2, 3, and 4. 2D displacement is required to achieve the limit load for L/D>1. In the tension case, the limit displacement magnitude is identical to that for the compression case for L/D≤1; the curves overlap and the bearing capacity factors Nc converge at 10.3, while the displacement reaches 0.8D for L/D>1.
Fig. 3 Comparison of vertical bearing capacities

Fig. 4 Normalised load-displacement curve according to L/D ratios
In engineering practice, a large displacement would affect the normal use of a foundation or super structure so that a smaller displacement would usually be taken as the ultimate displacement of the foundation. Fig. 5 presented the statistic datas from a range of centrifuge tests [10, 11, 15, 16] and 1g tests [17] [18] [19] [20] . The ultimate displacements are not more than 0.1D and 0.2D when the embedment ratios less than 1 and 2. Furthermore, the ultimate displacements are merely around 0.3D even for the embedment ratios exceed 4. Therefore, the displacements of 0.1D, 0.2D, and 0.3D were selected to compare with the limit displacement in numerical modeling. Figure  6 shows the vertical capacity of the foundation according to the L/D ratios. The diagram presents a comparison of bearing capacity factors at 0.1D, 0.2D, 0.3D, and limit displacement (corresponding to the limit load) in compression and tension. As shown in Fig. 6 , the bearing factor curves in compression and tension show very little difference at 0.1D, 0.2D, and 0.3D displacement, however, they show a great difference at limit displacement. Therefore, the same bearing capacity factor can be taken in compression and tension design when the displacement is relatively small. Comparing the results shown in Fig. 3 and Fig. 6 , it can be seen that the curve derived from Hansen's results is most close to the results of 0.1D and 0.2D displacement, which suggests that Hansen's formula is still useful in engineering practice. Fig. 7 presents the bearing capacity factors from finite difference analysis according to L/D ratios in heterogeneous soils. There are a few comparisons which can be made with published work, where the dimensionless ratio kD/s um varies from 1 to 5. Hu et al. (1999) has investigated the bearing capacity factors with the embedment ratio varying from 0 to 0.5 using the upper boundary method and finite element analysis. As shown in Fig. 6 , the finite difference solution is close to the finite element result and the plots are both below the upper-boundary curve. In contrast, the curve from the stress field method proposed by Houlsby and Martin (2003) shows significant differences from the plots derived from the finite difference analysis. The stress field solutions predict much smaller bearing capacity factors than the current finite difference analysis. From the comparison of published solutions for homogeneous soil (see Fig. 3 ), it can be seen that the stress field solutions are even smaller than the lower-bound solutions. Thus, the results from Houlsby and Martin (2003) can be taken as lower-bound solutions in nonhomogeneous soil. Fig. 8 and 9 show the curves of bearing capacity factors with embedment ratio at different footing displacements in compression and in tension respectively. In the compression case, the curves are indistinguishable up to L/D=0.5, after which the 0.1D displacement curve begins to deviate from others. The 0.2D displacement curve does not separate from the other curves until L/D=1.0. Therefore, the resistance corresponding to 0.1D displacement and to 0.2D displacement can be taken as the limit load for L/D<1 and 1≤L/D<2 respectively. The curves in the tension condition have a similar tendency to the compression case for L/D≤1. When the embedment ratio reaches 2, the 0.3D displacement curve also diverges from the limit displacement curve in the compression case. In contrast, the 0.3D displacement curve differs little from the limit displacement curve in the tension case. In practice, the resistance corresponding to 0.3D displacement can be taken as the limit load for L/D≥2 in both the compression and tension cases. Fig. 10 and 11 show the curves of bearing capacity factors with the degree of nonhomogeneity at different footing displacements, in compression and tension, respectively. In the case of compression, the bearing capacity factor increases linearly with the degree of heterogeneity for the surface foundation. The growth of bearing capacity factor is slow with the increasing heterogeneous degree for embedded foundations, especially in the range where the nonhomogeneous degree varies from 1 to 5. The increment is largely in the transition zone from uniform to nonhomogeneous soil (where kD/s um varies from 0 to 1), after which the curves become flat. In the limit displacement condition, bearing capacity factors in the uniform soil are even higher than the factors in nonhomogeneous soil for L/D≥2. In the case of tension, the trend of the bearing capacity factor curve was similar to that in compression to a great extent. Comparison of the curves show that when the footing displacement reaches the limit values， the values of N c change little with the increase of degree of nonhomogeneity and are almost equal to 10.3 for L/D≥2. Fig. 12 presents the recommended bearing capacity corresponding to the appropriate displacement with embedment ratio. The displacement 0.1D, 0.2D, and 0.3D is taken for L/D<1， 1≤L/D<2, and L/D≥2, respectively. Since the bearing capacity values and tendency are similar in the compression and tension case, the same value can be taken in design. The undrained shear strength of soil have a significantly effect on the bearing factor also. There are some experimental methods to measure the undrained strength. Triaxial compression, triaxial extension and direct shear test were used to measure the undrained shear strength regularly, and some in-situ methods such as Vane, CPT and T-bar were employed also. However, there are some differences among the tests results. Regularly, triaxial compression has a higher value, triaxial extension has a lower value and simple shear test has a mean value. The results from vane test are higher than other tests [21] . Randolph and Hose (2002) reported that the averaged shear strength obtained from triaxial compression, triaxial extension and simple shear tests have 30% and 50% reduction compared to triaxial extension strength and triaxial compression strength respectively [22] . In order to minimize the influences of anisotropy, the averaged shear strength was suggested to represent the undrained shear strength in calculation of bearing factors. Several researchers Fig. 13 presents the bearing capacity factor results of s u at depth D/10 below the base of foundation. Regardless of the compression or tension case, the curves for nonhomogeneous soil almost overlap. Comparing with the curves from Fig. 12 , the bearing capacity curves for non-uniform clay are much closer to those for uniform clays. Therefore, the bearing capacity value in uniform clay can be used as a substitute for the value in non-uniform clay for the approximation, and it is conservative in design. Fig. 4 shows the back-calculated N c according to the L/D ratios, and Eq. (3) fits with the data points very well. In addition, the depth factor dc is often used to describe the relationship between the bearing capacity factor and the embedment ratio. Eq. (4) was suggested to evaluate depth factor d c , and the value of d c is not more than 1.7.
NONHOMOGENEOUS CLAY
DISCUSSION
[ ] Fig. 15 indicates the comparison results of fitted curves of depth factor in this study with other studies [14, [25] [26] [27] . The results from finite element analyses proposed a quadratic relationship between ultimate vertical capacity and embedment ratio, for L/D≤1 [11, 25] . Hansen (1970) suggested a liner relationship for L/D≤1 and an arctangent relationship for L/D>1 [14] . Over the range of embedment ratios 0≤L/D≤4, the depth factors of this study and DNV can be described by the arctangent expression. The factors in this study are similar with Gourvenec and Hung's research in the section of L/D<1, but have higher values compared to Hansen's and DNV's in the section of L/D>1. The reason of the difference is that the larger displacement is allowed in the higher embedment ratios.
CONCLUSION
This paper presents the comparison results of a finite difference investigation on the undrained bearing capacity of suction foundations under situations of both compression and tension in uniform and non-uniform clay. The following conclusions were drawn:
1. There is a small difference in ultimate bearing capacity between compression and tension loading for the case that the embedment depth is less than two diameters. When the embedment ratio increases from 2 to 4, the ultimate capacity in compression increases by sixteen percent, but the capacity in tension almost remains at the same level. 2. The bearing capacity factors change significantly when the clay varies from homogeneity to heterogeneity. There is a small change when the nonhomogeneous degree varies from 1 to 5. The bearing capacity factors increases with the growth of nonhomogeneous degree. 3. In practical engineering, the values of bearing capacity factors corresponding to the displacement of less than 30% diameters (0.3D) can be taken as the ultimate bearing capacity factors, for both compression and tension cases. The bearing capacity factors in nonuniform clay are approximate to the factors in uniform clay when the su was selected at depth D/10 below the skirt tip. 4. Considering the embedment ratio, a new equation for calculating depth factor is proposed.
